Tropical cyclones (TCs) can affect the thermal structure in the upper ocean by mixing. In turn, upper-ocean thermal structure also affects the evolution of TCs. Here based on satellite data, in situ temperature and salinity observations and the best-track data of the U.S. Joint Typhoon Warning Center, combined with an ocean mixed layer model, the role of the pre-existing summer upwelling of the northern South China Sea (NSCS) in TCs self-induced sea surface cooling was explored. The modeling results showed that for a given atmospheric thermodynamic condition, TCs self-induced sea surface cooling is quite different when they pass over the regions with pre-existing upwelling and without upwelling. The amplitude of TCs self-induced cooling is larger by more than 50% in the region with pre-existing upwelling than that without. For example, for a slow-moving typhoon with translation speed of 4 m/s and wind speed of 45 m/s, TC self-induced surface cooling is 2.5˚C when they pass over the upwelling region, but only 1.5˚C when they pass over the region without upwelling. The results suggest that upwelling of the NSCS could amplify TCs self-induced cooling and play a negative role in TCs intensification before they made landfall in Southern China.
ling can also modulate the upper ocean thermal structures and oceanic stratifications by transporting deep waters with high density and salinity, and low temperature to the surface.
The South China Sea (SCS), located at the junction of Indian monsoon, Northwestern Pacific (WNP) monsoon and East Asian monsoon [3] , is one of the largest semi-enclosed marginal seas in the northwestern Pacific. During the boreal winter, the northeast monsoon prevails in the SCS, whereas in boreal summer the northeast winds reverse to the southwest. The southwest monsoon would induce offshore Ekman transport and withdraw deep cold water upwell to the surface in the northern SCS [4] [5] [6] [7] .
As one of the most prominent and seasonal common phenomenon, upwelling in the NSCS is firstly observed with a more than 1˚C drop in SST off Vietnam [8] and to the east of Hainan Island during summer monsoon [9] . Using the data of Nationwide Ocean Resource Survey of China for the period of 1959-1960, Guan and Chen [10] systematically investigated the NSCS upwelling and pointed out that there were three main upwelling centers located off the east of Hainan Island, Shantou Coast, and the east of Leizhou Peninsula during the summer. Later on, many studies were carried out to investigate the NSCS upwelling and its dynamic mechanisms using observations and numerical simulations, because it is related not only to chemistry, biology and fisheries, but also to the Pearl River plume, SCS warm currents and Kuroshio branches [4] [6] [7] [11] .
As mentioned above, the SCS is one of the largest semi-enclosed marginal seas in the WNP. As an important part of the largest warm pool in the WNP, the NSCS is frequently subject to tropical cyclones (TCs; also known as typhoon). The prevailing tracks of TCs in the WNP and the local SCS are westward and coincide with the summer upwelling in the NSCS. Generally, tracks of TCs are controlled by large-scale atmospheric steering flow [12] . Existing weather prediction models now can make reasonable forecasts of typhoon track [13] , but the intensity of typhoon is by comparison much more difficult to forecast. This is because typhoon intensity is not only related to the pre-existing atmospheric conditions but also to the upper ocean [13] [14] [15] . Evidences from numerous studies indicate that typhoon-induced strong vertical ocean mixing can bring deep cold water to the surface, and make sea surface temperature (SST) cooler than the ambient waters by up to 2˚C to 6˚C [16] [17] [18] [19] . An unusually intense SST cooling of 10.8˚C was even observed when typhoon Kai-Tak passed over the NSCS [20] . Leipper [21] and Shay, Goni and Black [17] reveal that the presence of ocean cold or warm features could impact TC-induced SST cooling and then the intensification of TCs. In warm ocean, e.g. warm boundary currents or warm eddies, ocean upper mixed layers are deep and the associated ocean heat contents relative to the 26˚C isotherm often exceed 100 kJ/cm would reduce the TC-induced SST cooling, and hence provide more energy to fuel TCs [15] [17] [22] . In contrast, in the cold features or eddies region, shallow mixed layers and less ocean heat content would induce larger SST cooling and contribute to rapid weakening of TCs [23] [24] . However, few studies have been made to investigate the role of the pre-existing summer upwelling of NSCS in TCs self-induced SST cooling. In this study, the hydrographic measurements in the NSCS are firstly analyzed during the typhoon season to elucidate the characteristics of the upwelling process in the NSCS (Section 3). Then a one-dimensional mixed model was used to investigate the interplay of the upwelling and TC-induced SST cooling in the NSCS (Section 4), and conclusions are given in Section 5.
Datasets
The best-track data from the Joint Typhoon Warning Center (JTWC) were used 
PWP Model
To estimate the role of NSCS pre-existing upwelling in TCs induced SST cooling, a one-dimensional (1D) mixed layer model of Price-Weller-Pinkel [16] is used. PWP model has a homogeneous mixed layer with uniform temperature, salinity, and velocity on top of the mixed layer base. In the PWP model, turbulent mixing occurrence involves three stability criteria: static instability, bulk and gradient Richardson number mixing. The critical bulk and gradient Richardson numbers are set to 0.65 and 0.25 according to Price et al. [16] and Price [13] , respectively. In this work, two experiments are conducted with the model forcing by the same winds, precipitation, evaporation and surface heat fluxes but with different ocean initial temperature-salinity profiles. One is used the pre-typhoon temperature-salinity profiles from the non-upwelling region, which is a representative of no upwelling; the other is from the upwelling region, which denotes the presence of upwelling. For each experiment, the typhoon-induced SST cool- wind-driven surface Ekman transport and the interior shoreward return currents [4] . Analyses of observations and model outputs further reveal that although the local winds play important roles in the upwelling, the dynamic factor that controls the NSCS upwelling in different regions are quite different. In the Yuedong, the alongshore wind stress is the primary dynamic factor, while the local wind stress curl is the main contribution to the upwelling in the Qiongdong [7] . The detailed discussion about dynamic mechanisms is beyond the scope of this study. To summarize, the cooler SST associated with cooler subsurface waters is revealed in the upwelling region during summer season, which is roughly coincident with that of typhoon and motivates us to understand its possible relationship with typhoon-induced SST cooling in the NSCS.
Historical Typhoons Tracks
TCs TCs with maximum wind speeds > 64 knots pass over the upwelling region, revealing that most of the destructive TCs may be directly influenced by ocean-atmosphere interaction in the upwelling region just prior to reaching the Southern China. The estimations based on in-situ profiles in the non-upwelling and upwelling region are also made and depicted in Figure 9 and Figure 10 . Similar to the climatological profiles, temperature of upwelling region is significantly colder than that of non-upwelling region especially in the upper ocean from surface down to 80 m ( Figure 9 ). The typhoon-induced SST cooling (y axis) is evidently larger Upwelling region.
Role of NSCS Upwelling in TC-
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in the upwelling condition ( Figure 10(b) ) than that of non-upwelling ( Figure   10 (a)), consistent with that of climatological profiles. Since SST cooling would play a negative impact on TCs intensification [14] , thus the upwelling of NSCS acts as a negative role in suppressing typhoons intensification before they made landfall at the Guangdong coastal areas.
In general, the pre-existent NSCS upwelling, which is forced by the summer monsoon, would modulate upper ocean temperature and salinity structures by bringing lower temperature waters from the deeper layer to the surface and subsurface. As typhoons move westward and pass over this upwelling region, the lower temperature of waters from the surface to the subsurface will be vertically mixing and induce larger SSTs cooling that is not favor for the intensification of typhoons.
Conclusions
Upwelling, as one of the most important physical processes linking to wind-driven currents and shelf topography in the coastal ocean, is commonly since there has over 65% of typhoons that pass through this upwelling region, and more research needs to be carried out using more observations and more complex models.
